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a b s t r a c t 

Ultrahigh temperature ZrB 2 - and TiB 2 -based ceramics are widely used in extreme thermal environment. 

Yet, open questions remain pertaining to their lattice thermal conductivity ( к ph ). In this work we inves- 
tigate the phonon transport of ZrB 2 and TiB 2 by systematically evaluating the phonon-phonon interac- 

tion (PPI), electron-phonon interaction (EPI) and grain boundary scattering (GBS) from the atomistic level 

using first-principles. Upon including EPI, the room-temperature к ph of ZrB 2 and TiB 2 is significantly re- 
duced by 38.16% and 52.34%, respectively, and agrees excellently with experimental measurement. Such 

giant reduction arises from the strong EPI for the heat-carrying acoustic phonons due to phonon anomaly 

and the existence of Fermi nesting vectors along high symmetry line in the Brillouin zone. Following the 

Casimir model, the GBS further decreases к ph of ZrB 2 even by 49.27% for small grain boundary spac- 
ing of 50 nm and theoretical calculations agree well with experiments. Thus, GBS crucially influences 

phonon transport, which explains the large deviation of previous experimental measurements on к ph for 
ZrB 2 -based ceramics. Moreover, the combined influence of EPI and GBS results in the anomalous phonon 

transport where к ph is almost temperature-independent over a large temperature range, consistent with 
experimental observations. This work directly reveals the phonon transport mechanism for high temper- 

ature ceramics ZrB 2 and TiB 2 , gains deep insight into the large variation in the previously reported к ph 
and provides guidance to engineer it for practical applications. 

© 2020 Elsevier Ltd. All rights reserved. 

1. Introduction 

Ultrahigh temperature ceramics, which are mainly based on 

transition metal borides, nitrides, and carbides, are a class of re- 

fractory ceramics with high melting temperatures and excellent 

chemical stability [1–3] . Among them, transition metal borides 

such as ZrB 2 and HfB 2 outstand by their extremely high melt- 

ing temperatures ( > 30 0 0 ◦C), low density, and chemical inert- 

ness against molten metals [3] . As such, they are excellent can- 

didate materials for applications involving extremely high temper- 

ature environments [4–6] , including hypersonic vehicles [5] , reen- 

try spacecraft [7] , propulsion systems, and refractory crucibles [3] . 

Also, these materials demonstrate high thermal and electrical con- 

ductivity, which promotes them as potential buffer materials for 

microelectronics [ 8 , 9 ]. Therefore, fully exploiting thermal transport 
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in ultrahigh temperature ceramics is of great importance to ad- 

vance them in those above applications. 

In transition metal borides, the total high thermal conductivity 

( к tot ) is intrinsically separated into the electron ( к el ) and phonon 
contributions ( к ph ) [10] . Following the Wiedemann-Franz law [11] , 

the electron part к el can be obtained from the measured electri- 

cal conductivity σ by к el = L σT , where L is the Lorentz number 

(2.45 ×10 −8 W �/K 2 ) and T is the absolute temperature. In contrast, 

the phononic component к ph cannot be measured directly. One can 
estimate к ph by subtracting к el from the measured к tot . This is the 
practical route to separate the electronic and phononic contribu- 

tion to the total thermal transport. Yet, the above estimated к ph 
may be prone to error and may result in opposite conclusion ow- 

ing to different techniques and quality of samples used in experi- 

ments. Taking ZrB 2 for instance, Thompson et al. [12] showed that 

к ph was less than approximately 12 W/mK at room temperature 

and concluded that electrons were the dominant thermal carriers. 

However, Zimmermann et al. [13] found that к ph was as high as 
24 W/mK below 200 ◦C. Zhang and co-workers [14] even obtained 
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negative к ph for their produced ZrB 2 samples. Thus, there are still 
open questions regarding к ph of transition metal diborides by indi- 
rectly estimating from the experimentally measured к tot using the 
Wiedemann-Franz law, which requires a more accurate way to di- 

rectly evaluate it. 

Accurately accessing к ph of transition metal diborides can not 
only resolve the above open questions, but also be crucial to pro- 

vide physical insights into the phonon transport mechanisms of 

the ultrahigh temperature ceramics. Based on the empirical Green- 

Kubo equilibrium molecular dynamics (GK-EMD) simulations, Law- 

son et al. [15] directly evaluated к ph of ZrB 2 and HfB 2 . The theo- 
retically predicted к ph agreed excellently with experiments [16] at 
room temperature but began to deviate largely at higher tem- 

peratures, e.g., when temperature increases to 10 0 0 K. The accu- 

racy of the empirical atomistic simulations depends crucially on 

the developed Tersoff style interatomic potentials, which usually 

only calibrate thermodynamic properties of target materials near 

room temperature, and suffers from transferability at high temper- 

atures. Unlike GK-EMD, first-principles method based on the an- 

harmonic lattice dynamics (ALD) directly studies the anharmonic 

interactions among phonons and can accurately access к ph without 
empirical parameters [17–21] . In metal transition compounds, the 

phonon contribution to thermal transport involves a temperature- 

dependent competition between anharmonic phonon-phonon and 

electron-phonon interactions. Using first-principles simulations, Li 

et al. [22] showed that к ph decreases rapidly with increasing tem- 
perature for typical metallic and nonmetallic crystals, but becomes 

nearly temperature-independent for the group-V transition metal 

carbides. In those compounds, there exist nested Fermi surfaces 

and large frequency gaps between acoustic and optic phonons, re- 

sulting in the much stronger electron-phonon interaction than its 

phonon-phonon counterpart. This study identifies an anomalous 

heat flow regime driven by the interplay between phonon disper- 

sions and Fermi nesting surface. 

In this work, we present the phonon transport behaviors of 

transition metal borides ZrB 2 and TiB 2 using first-principles calcu- 

lations, and observe an anomaly in the temperature-dependent к ph . 
The combination of strong electron-phonon interaction (EPI) and 

grain boundary scattering (GBS) leads to the almost temperature- 

independent к ph , which agrees excellently with previous experi- 
mental observations. In contrast to previous first-principles study 

of group-V transition metal carbides, our present study highlights 

the significant role of EPI and GBS in hindering the phonon trans- 

port in the transition metal borides, which provides a new phonon 

transport mechanism. 

2. Methods 

For phonon transport process, the quasiparticle phonons are 

scattered by other phonons, isotopes, electrons, and grain bound- 

aries. At thermal equilibrium, the lattice thermal conductivity к ph 
can be expressed as [20] 

καβ
ph 

= 

∑ 

q v 
C q v υ

α
q v υ

β
q v τq v , (1) 

where C q v , υq v and τ q v is the specific heat capacity, group ve- 

locity and relaxation lifetime for a phonon in the v branch at 

q point, respectively. Following the Matthiessen’s rule [23] , we 

calculate the total phonon scattering rate by 1 / τq v = 1 / τ ph −ph 
q v + 

1 / τ iso 
q v + 1 / τ el−ph 

q v + 1 / τ b , which is contributed by scattering from 

other phonons, isotopes, electrons, and grain boundaries, respec- 

tively. Intrinsically, the phonon-phonon interaction (PPI) involves 

in the creation or annihilation of new phonons. Within the 

lowest-order three-phonon scattering process, 1 / τ ph −ph 
q v can be de- 

termined from the anharmonic third-order interatomic force con- 

stants (IFCs). The phonon-isotope scattering originates from the 

mass disorder and can be estimated from first-principles. In this 

work, the phonon-isotope scattering is automatically included into 

PPI and not exclusively studied. The EPI normally occurs when 

phonons participate in the electronic interband or intraband tran- 

sition. Consequently, phonons are absorbed or emitted. Based on 

the density functional perturbation theory (DFPT), the self-energy 

of phonon mode q v read [ 24 , 25 ] 

	q v (ω, T ) = 2 
∑ 

mn 

∫ 
dk 

�
| g mn, v (k , q ) | 

2 f n k (T ) − f m k + q (T ) 
ω + ε F − ε m k + q − ω + i δ0 

. 

(2) 

The g mn,v ( k, q ) matrix quantifies the electron-phonon scatter- 

ing process between energy state n k and m k + q , and can be eval- 

uated at arbitrary large k and q mesh using the Wannier code. 

The f n k stands for the Fermi-Dirac distribution and εF is the Fermi 

energy, respectively. The factor 2 takes into account spin degen- 

eracy and small value δ0 is introduced to guarantee numerical 
stability. The electron-phonon scattering rate is given by 1 / τ EPI 

q v = 

2 Im ( 	q v ) / h̄ . In the spark plasma-sintered ZrB 2 -based polycrys- 

talline ceramics, GBS is shown to substantially influence thermal 

transport of single crystals. [15] Therefore, it is necessary to quan- 

tify the contribution of GBS to к ph . Within the Casimir limit [26] , 

the grain boundary scattering rate is given by 1 / τ b = v g /L , where 
v g is the phonon group velocity and L is the grain boundary spac- 

ing. In the Casimir model, the GBS is approximated as phonon fre- 

quency independent and its strength is a constant and unaffected 

by the grain boundary characteristics except the GB spacing L . Pre- 

vious studies [13] have reported values on grain size in ZrB 2 -based 

polycrystalline ceramics. Yet, there were no data on L and no clear 

relation between L and grain size, so in this work we gradually 

change the value of L and reveal how different grain boundary 

spacing reduces the lattice thermal conductivity. 

To calculate к ph from first-principles, details about phonon fre- 

quency, velocity and specific heat capacity are also required, which 

can be extracted from the harmonic IFCs. To obtain the har- 

monic and third-order anharmonic IFCs, a large 5 × 5 × 5 super- 

cell containing 375 atoms was built and the fifth nearest neigh- 

bor shell was chosen. Those first-principles calculations were per- 

formed with the Quantum Espresso [27] package using the Opti- 

mized Normal-Conserving Vanderbilt pseudopotentials (ONCVPSP) 

within the local density approximation (LDA) [28] . After obtaining 

the above IFCs, the contribution of phonon-phonon and phonon- 

isotope scattering to к ph was evaluated with the ShengBTE package 
[29] . The τ EPI 

q v was computed with the EPW program [ 24 , 25 ] (de- 

tails see Supplementary Material) which is based on the DFPT and 

maximally localized Wannier functions to obtain phonon linewidth 

arising from EPI. By performing the electron-phonon scattering cal- 

culations, the coarse k - and q -mesh was initially chosen as 12 ×
12 × 12 and 6 × 6 × 6, and then Wannier interpolated to a much 

denser mesh of 25 × 25 × 25 and 15 × 15 × 15, respectively (more 

computational details see Supplementary Material). With the col- 

lected phonon relaxation time, the individual contribution of PPI, 

EPI, and GBS to к ph can be quantified. 

3. Results and discussions 

Thermophysical properties of solids such as specific heat capac- 

ity and heat conduction depend on their phonon dispersion be- 

haviors. Thus, it is important to firstly analyze the lattice dynam- 

ics of phonons prior to studying their transport properties. Fig. 

1 presents the phonon dispersion curve of ZrB 2 and TiB 2 along 

the high-symmetry lines in the first Brillouin zone with the cor- 

rection of linewidth induced by the electron-phonon coupling at 

300 K. A relatively large frequency gap of approximately 5 THz 

is observed between acoustic and optic phonons for ZrB 2 , due to 
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Fig. 1. The theoretically calculated phonon dispersion curve along the high- 

symmetry lines for (a) ZrB 2 and (b) TiB 2 with the correction of linewidth induced 

by the electron-phonon coupling at 300 K. The red arrow points out the phonon 

softening along the A (0 0 1/2) → K (1/3 1/3 0) line. (For interpretation of the ref- 

erences to color in this figure legend, the reader is referred to the web version of 

this article.) 

the large mass difference between Zr atoms (91.22 amu) and B 

atoms (10.81 amu). Yet, for TiB 2 , the frequency gap is reduced to 

approximately 2.5 THz due to the relatively light Ti atoms (47.87 

amu). Note that heat is carried primarily by the low-lying acous- 

tic phonons in these materials, and thermal resistance is intrin- 

sically caused by the scattering between (i) an acoustic phonon 

and two optic phonons ( aoo ), (ii) two acoustic phonons and an op- 

tic phonon ( aao ), or (iii) three acoustic phonons ( aaa ). The pres- 

ence of large frequency gap in ZrB 2 normally prohibits aao scatter- 

ing process. Considering that the bandwidth of high-lying acoustic 

phonons is relatively narrow, it will restrict the aao scattering pro- 

cess to the low frequency regions where the aaa process is much 

stronger [30] . Therefore, aaa process is the primary scattering that 

limits к ph . 
The large frequency gap will decouple the vibrations of transi- 

tion metal Zr and B. In Fig. 2 (a), it illustrates that the vibrations 

of Zr atom mainly contribute to the acoustic phonons lying be- 

tween 0 and 8 THz, and the B atom with lower mass vibrates 

at higher frequency above 12 THz. The large amount of atom vi- 

brations tends to perturb interatomic potentials and results in the 

strong EPI. Based on the DFPT calculations, the Eliashberg spec- 

tral function ( α2 F ) which quantifies the electron-phonon coupling 

strength is presented and demonstrates a good agreement with ex- 

periment [31] , as shown in Fig. 2 (a). Though the averaged electron- 

phonon coupling strength λ is quite low with the value of 0.17, 

in good agreement with 0.15 of literature data [32] , we observe 

three strong peaks located at approximately 7 THz, 17 THz, and 

22 THz, respectively. The locations of those major peaks agree ex- 

cellently with that of phonon density of states contributed by Zr 

and B atoms, indicating that strong EPI arises from local atomic 

vibrations. Similar phenomenon is also observed in TiB 2 . In Fig. 

2 (b), the Ti atom vibrations contributes primarily to the low part 

Fig. 2. The calculated total and partial phonon density of states and Eliashberg 

spectral function ( α2 F ) of (a) ZrB 2 and (b) TiB 2 , in comparison with literature ex- 

periment [ 31 , 33 ]. 

Fig. 3. The calculated Fermi surface of (a) ZrB 2 and (b) TiB 2 . Images are prepared 

using XCrysden [39] . Ring-like electron surface and wrinkled dumbbell-like hole 

sheet observed around the K (1/3 1/3 0) and A (0 0 1/2) symmetry point, respec- 

tively. 

(0–8 THz) of the calculated total phonon density of state which 

agrees overall with the inelastic neutron scattering experiments 

[33] . Yet, there exists discrepancy in the peak positions and am- 

plitude, which is plausibly caused by the fact that the chosen 

“frozen phonon” method fails due to the presence of the strong 

electron-phonon coupling. The averaged electron-phonon coupling 

strength λ is 0.16, in good agreement with 0.15 of literature data 

[32] . Compared with ZrB 2 , the dominant peak of α
2 F is located 

around the heat-carrying acoustic phonons in TiB 2 . Previous stud- 

ies [ 22 , 34–36 ] showed that Fermi nesting surface tended to in- 

duce strong interaction between electrons and phonons. To ex- 

plain the strong EPI, we compute the Fermi surfaces of ZrB 2 and 

TiB 2 in the Brillouin zone. In Fig. 3 , theoretical calculations show 

a wrinkled dumbbell-like hole sheet and a ring-like electron sheet 
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Fig. 4. The frequency-dependent phonon scattering rate individually contributed by 

PPI and EPI in (a) ZrB 2 and (b) TiB 2 . 

around the symmetry A (0 0 1/2) and K (1/3 1/3 0) point in ZrB 2 
and TiB 2 , which are consistent with the Fermi surface calculated 

by Tanaka [37] and Sichkar et al. [32] With the ring-like electron 

and wrinkled dumbbell-like hole sheets, nesting vectors along the 

high symmetry �-A-K directions are observed. In ZrB 2 , with the 

partially filled d -electron band, its short-range correlation nature 

increases the electronic polarizability in a resonance-like manner 

[35] , giving rise to strong EPI. The strong interplay between elec- 

trons and phonons tends to renormalize phonon energies and pro- 

duces phonon anomalies. In Fig. 1 , a phonon softening along the 

A-K line is observed in the phonon dispersions of ZrB 2 . In TiB 2 , a 

sharp rod locates at the center of the wrinkled dumbbell-like hole 

around A point, which indicates the potential strong interplay be- 

tween electrons and phonons. 

For the low-lying acoustic phonons, the strong EPI will mod- 

ify self-energy and induce large linewidth of acoustic phonons, as 

shown in Fig. 1 . Since the aaa process primarily contributes to the 

intrinsic thermal resistance, the inclusion of strong EPI certainly 

affects the phonon transport properties. By decomposing the total 

phonon scattering rate into the individual contribution from the 

PPI and EPI, it observes that EPI overwhelms PPI especially for the 

high-lying acoustic phonons of ZrB 2 and TiB 2 , as shown in Fig. 4 . 

For ZrB 2 , a strong EPI influence on the scattering rate for the heat- 

carrying phonons between 5–8 THz is observed. While for TiB 2 , 

the strong EPI effect is observed near the edge of acoustic phonon 

bands. 

After collecting phonon scattering rate, the lattice thermal 

conductivity к ph can be evaluated. In Fig. 5 , the calculated 

temperature-dependent к ph of ZrB 2 and TiB 2 contributed individ- 
ually by PPI, EPI and GBS is presented, in comparison with lit- 

erature experimental and theoretical data [ 13 , 15 , 16 ]. Here, the 

phonon-isotope scattering is included into the PPI and not sep- 

arately treated. With its hexagonal lattice, ZrB 2 demonstrates a 

slight anisotropy in к ph , where κ
⊥ 
ph 

and κ‖ 
ph 

corresponds to lattice 

thermal conductivity perpendicular and parallel to the c -axis, re- 

spectively. However, the experimental data in literature did not ex- 

plicitly consider such anisotropy [12–14] , so we choose the aver- 

age with the form of ( κ⊥ 
ph 

+ 2 κ‖ 
ph 
)/3 for ZrB 2 and TiB 2 in this work. 

For the pure ZrB 2 and TiB 2 crystal, the intrinsic thermal resistance 

arises from PPI and EPI. Only considering PPI, the calculated к ph of 
ZrB 2 at room temperature is 79.15 W/mK. Upon including EPI, к ph 
is reduced to 49 W/mK (by 38.16%) and demonstrates good agree- 

ment with the measured 51 W/mK [37] and coincidently matches 

the calculated 54 W/mK [15] using classical GK-EMD. The agree- 

ment with experimental result of ZrB 2 suggests that EPI is cru- 

cial to accurately determine к ph . For the spark plasma-sintered 

Fig. 5. The calculated temperature-dependent к ph of (a) ZrB 2 and (b) TiB 2 includ- 
ing phonon-phonon interaction (PPI), electron-phonon interaction (EPI), and grain 

boundary scattering (GBS), compared with the available literature data [ 13 , 15 , 16 ]. 

The grain boundary spacing is chosen as 100 nm both for ZrB 2 and TiB 2 . The inset 

presents the к ph vs 1/ T for TiB 2 . 

ZrB 2 -based polycrystalline ceramics, к ph is as low as approximately 

20 W/mK at 300 K and GBS is primarily responsible for such large 

reduction. Following the Casimir model 1 / τ b = v g /L , where the 
highest v g for acoustic phonon is calculated to 5.36 km/s and the 

GB spacing L is approximated as 100 nm, the room-temperature 

к ph is further reduced to 29 W/mK (by 25.32%) upon the inclusion 

of GBS, consistent with the measured 24 W/mK [13] . Furthermore, 

by further reducing L by half to 50 nm, the к ph will significantly 
reduce to approximately 10 W/mK (by 49.27%), which agrees well 

with the estimated 12 W/mK [12] . Considering that the grain size 

for the ZrB 2 -based ceramics was reported as approximately 13 μm 

in Ref. [13] , almost twice as large as that in Ref. [12] , and the larger 

grain size introduces larger L . The theoretical predictions are con- 

sistent with the changing trend of к ph with decreasing grain size 
in experimental observations. Thus, we can conclude that the GBS 

plays a critical role in reducing к ph of ZrB 2 -based polycrystalline 
ceramics and determining its variation with increasing tempera- 

ture. Considering that previous studies may synthesize samples 

with various grain sizes, it is reasonable to explain why different 

studies reported к ph of ZrB 2 -based polycrystalline ceramics with 
such a large difference. It also shows that к ph exhibits anomalous 
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temperature-independence by combining the effect of EPI and GBS, 

in good agreement with experimental observation. By only consid- 

ering PPI and EPI, к ph gradually decreases with increasing temper- 
ature, as shown in Fig. 5 (a). This can be understood in terms of 

the fact that at higher temperatures the electron-phonon coupling 

becomes strong and further decreases phonon lifetime. While the 

GBS is temperature-independent, the combination of EPI and GBS 

leads to the temperature-independence, which indicates that GBS 

plays the significant role in the anomalous behavior of к ph . 
For TiB 2 , an anomalous phonon transport is observed upon in- 

cluding EPI, as shown in Fig. 5 (b). At 300 K, the very strong EPI ef- 

fect reduces the к ph of TiB 2 from 73.82 W/mK to 35.26 W/mK (by 

52.34%). Moreover, the к ph of TiB 2 is nearly temperature indepen- 
dent and deviates from the typical behavior of к ph ~ 1/ T . The weak 
temperature dependence of the lattice thermal conductivity of TiB 2 
is in line with the same strong electron-phonon coupling in VN, as 

evidenced in recent experimental study [38] . In the insert of Fig. 

5 (b), it observes that к ph is almost linear with 1/ T only considering 
the intrinsic PPI. Yet, upon including EPI, it shows that к ph is almost 
a constant and changes slightly with 1/ T . By further including GBS, 

the value of к ph is reduced slightly but its anomalous temperature- 
independence remains. Such anomalous phonon transport is also 

observed in the group V transition metal carbides such as NbC and 

it is assumed to be primarily caused by the strong interactions be- 

tween electrons and phonons due to the existence of Fermi nesting 

vectors [22] . By further analyzing the Fermi surface and strong EPI 

effect on phonon scattering, we show that the anomalous phonon 

transport in TiB 2 is mainly caused by the existence of wrinkled 

dumbbell-like hole sheets and sharp rod. Moreover, in compari- 

son with ZrB 2 , the EPI effect on the phonon transport of TiB 2 is 

much stronger. That is because the anomalous phonon transport is 

caused by the metallic d -electron band [35] , and when going from 

TiB 2 to ZrB 2 , the d -electron band gets partially filled, which slightly 

reduces the strong interplay between electrons and phonons. 

4. Conclusions 

In summary, we directly evaluate the phonon transport of ul- 

trahigh temperature ZrB 2 and TiB 2 ceramics using first-principles 

and quantify the individual contribution of phonon-phonon scat- 

tering, electron-phonon coupling and grain boundary scattering. 

Within the three-phonon scattering scheme, the room-temperature 

к ph of ZrB 2 and TiB 2 is predicted as 79.15 W/mK and 73.82 W/mK 

and largely reduced to 49 W/mK and 35.26 W/mK (by 38.16% 

and 52.34%), respectively, upon the inclusion of electron-phonon 

coupling, which agrees excellently with experiment. The large re- 

duction of к ph is mainly caused by the strong EPI for the heat- 
carrying acoustic phonons which is contributed by the transition 

metal atom vibrations. The strong interactions between electrons 

and phonons arise from the nested Fermi vectors along the high 

symmetry �-A-K directions in the Brillouin zone. Furthermore, the 

grain boundary scattering effect is included following the Casimir 

model. The lattice thermal conductivity can be significantly re- 

duced to 10 W/mK by 49.27% with a very small grain boundary 

spacing of 50 nm. Those theoretical simulations are consistent with 

previous experiments, which suggests that grain boundary scatter- 

ing is the dominant reason to explain the large difference in the 

reported к ph . Moreover, by combining the electron-phonon interac- 
tion and grain boundary scattering, the anomalous phonon trans- 

port phenomenon is observed, where к ph has little change with 
temperature. Our studies provide a deep insight into the role of 

electron-phonon coupling and grain boundary scattering in of ZrB 2 
and TiB 2 and the understanding gained from this work is expected 

to help manipulate thermal conductivity of ultrahigh temperature 

ceramics. 
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